Measurement of lipid peroxidation is a commonly used method of detecting oxidative damage to biological tissues, but the most frequently used methods, including MS, measure breakdown products and are therefore indirect. We have coupled reversedphase HPLC with positive-ionization electrospray MS (LC-MS) to provide a method for separating and detecting intact oxidized phospholipids in oxidatively stressed mammalian cells without extensive sample preparation. The elution profile of phospholipid hydroperoxides and chlorohydrins was first characterized using individual phospholipids or a defined phospholipid mixture as a model system. The facility of detection of the oxidized species in complex mixtures was greatly improved compared with directinjection MS analysis, as they eluted earlier than the native lipids, owing to the decrease in hydrophobicity. In U937 and HL60 cells treated in itro with t-butylhydroperoxide plus Fe# + , lipid oxidation could not be observed by direct injection, but LC-MS
INTRODUCTION
The plasma membranes of most cells contain both polyunsaturated and monounsaturated lipids, which are susceptible to oxidative damage by free-radical processes or electrophilic addition reactions, e.g. reaction of hypochlorous acid (HOCl) with a double bond. Such oxidative modification of the lipids is thought to lead to alterations in structure and fluidity of the membrane, affecting cell function, and can ultimately lead to loss of integrity [1, 2] . Hence there is considerable interest in the detection and measurement of oxidative lipid damage, both in model systems and in many of the disease states that have now been shown to have an oxidative aetiology.
Methods for the analysis of oxidative damage to lipids differ considerably in the sensitivity and information offered, and can be divided essentially into two groups : those that measure initial products of oxidative attack, such as conjugated dienes and lipid hydroperoxides, and those that measure lipid-oxidation breakdown products, such as aldehydes. In the last decade GC-MS has emerged as a highly sensitive method for the analysis of aldehydes [3] [4] [5] , fatty acids and their hydroperoxides [6] , lipid hydroperoxides [7] and isoprostanes [8, 9] . However, GC-MS has the disadvantage that extensive preparation of the sample is required to obtain a volatile form, and before phospholipids can be analysed they must first be hydrolysed to release the fatty acid, and hydroperoxides must be reduced to hydroxides, thus introAbbreviations used : ES-MS, electrospray MS ; PC, phosphatidylcholine ; RIC, reconstructed ion chromatogram ; TIC, total ion current ; t-BHP, t-butylhydroperoxide ; EET, epoxyeicosanoic acid ; HETE, monohydroxyeicosanoic acid ; LC-MS, reversed-phase HPLC coupled with positive-ionization electrospray MS ; GPC, glycerophosphatidylcholine. 1 To whom correspondence should be addressed (e-mail a.r.pitt!strath.ac.uk).
allowed the detection of monohydroperoxides of palmitoyllinoleoyl and stearoyl-linoleoyl phosphatidylcholines. The levels of hydroperoxides observed in U937 cells were found to depend on the duration and severity of the oxidative stress. In cells treated with HOCl, chlorohydrins of palmitoyloleoyl phosphatidylcholine were observed by LC-MS. The method was able to detect very small amounts of oxidized lipids compared with the levels of native lipids present. The membrane-lipid profiles of these cells were found to be quite resistant to damage until high concentrations of oxidants were used. This is the first report of direct detection by LC-MS of intact oxidized phospholipids induced in cultured cells subjected to oxidative stress.
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ducing manipulation steps where information about the native lipid is lost. An alternative technique that is gaining in popularity is electrospray MS (ES-MS), a soft ionization technique which does not automatically result in fragmentation of the biomolecules [10] , thus allowing analysis of complex mixtures. It also has the advantage that intact phospholipids can be detected directly without prior manipulation, thus offering a simple analysis without loss of information on the nature of the lipid [11, 12] . In terms of analysis of lipid oxidation in biological systems, most ES-MS studies have been carried out in negative-ion mode on oxidation products of fatty acids. There are reports on the detection of isoprostanes [13] and oxidized free fatty acids [14] , including bromohydrins of mono-and polyunsaturated fatty acids [15] . An approach that has been used in a number of studies to detect oxidized fatty acids esterified in phospholipids is the initial separation of glycerophospholipid classes by normalphase HPLC, followed by base hydrolysis of the lipid and subsequent analysis of the fatty acid derivative by reversed-phase HPLC and negative-ion ES-MS. This has been used to investigate the oxidation of glycerophosphoethanolamine plasmalogens [16] , and to analyse the formation of epoxyeicosanoic acids (EETs) and monohydroxyeicosanoic acids (HETEs) in redblood-cell membranes [17, 18] and murine lung tissue [19] . Whereas this approach is informative and has generated very interesting information, it requires considerable sample mani-pulation, and information on the intact phospholipid modification is lost, thus not exploiting some of the advantages of ES-MS.
Less research has been carried out using ES-MS for the analysis of intact phospholipid oxidation products. Recently we have reported the detection of hydroperoxides of intact phosphatidylcholines (PCs) by positive-ion ES-MS, following treatment of PC vesicles with t-butylhydroperoxide (t-BHP) and Fe# + [20] . Depletion of native stearoylarachidonoyl PC was observed, with the concomitant appearance of molecular species at j32, j64 and j96 a.m.u. (atomic mass units), corresponding to the addition of one, two and three molecules of dioxygen. Alternative oxidation products have also been observed by positive-ion ES-MS following the auto-oxidation of palmitoylarachidonoyl PC. Two major species were identified as the chainshortened products 1-palmitoyl-2-oxovaleryl-GPC (where GPC is glycerophosphatidylcholine) and 1-palmitoyl-2-glutaryl-GPC [21] , and another major component was found to be 1-palmitoyl-2-(5,6-epoxyisoprostane E # )-GPC [22] . These oxidized phospholipids have been detected using ES-MS in oxidized lowdensity lipoprotein and atherosclerotic lesions in rabbits [21] .
So far, very little work has been carried out on phospholipids from oxidatively stressed cells. Increased levels of HETEs and EETs from glycerophospholipids in red blood cells treated with t-BHP have been observed by ES-MS following base hydrolysis of the lipids, but there are no reports of direct detection of intact oxidized phospholipids in stressed cells. The direct detection of early products of lipid peroxidation in cells would offer a new approach to understanding cellular responses to oxidative membrane damage. We have investigated this and have found that whereas oxidized phospholipids could not be observed using direct-injection ES-MS analysis, coupling to reversed-phase HPLC allowed the detection of very low levels of intact phospholipid hydroperoxides and chlorohydrins from mammalian cells subjected to oxidative stress.
EXPERIMENTAL Materials
The mammalian cell lines U937 and HL60 were from the European Collection of Animal Cell Cultures at Porton Down, Wilts., U.K. RPMI 1640 and fetal calf serum were obtained from Life Technologies, Inchinnan, Renfrewshire, Scotland, U.K. PCs and phosphatidylethanolamines were purchased from Sigma, Poole, Dorset, U.K. All solvents and chemicals used were of analytical quality.
Preparation and treatment of vesicles
Phospholipid vesicles were prepared from purified PCs as described previously [20] to give a final concentration of 10 mg\ml in water. For the formation of lipid hydroperoxides 10 µl of vesicles were incubated aerobically overnight in the presence of 0.25 M t-BHP and 0.1 mM FeSO % in a total volume of 100 µl. Solutions of FeSO % were prepared freshly immediately prior to use. For the formation of chlorohydrins 10 µl of vesicles in 10 mM NaH # PO % , pH 6.0, were incubated in the presence of 1.85 mM NaOCl in a total volume of 100 µl. The incubations were carried out at pH 6.0 to ensure that the majority of the hypochlorite was in the protonated form, which is required for oxidative attack. A slightly acidic pH is moreover assumed to occur in the phagolysosome of phagocytes. Aliquots (10 µl) were removed after 40 min and mixed with 90 µl of methanol\hexane (71 : 5, v\v) ; further dilutions were carried out in 71 : 5 : 7 (by vol.) methanol\hexane\0.1 M ammonium acetate and analysed without further preparation by either ES-MS or reversed-phase HPLC coupled with positive-ionization electroscopy MS (LC-MS).
Culture and preparation of mammalian cell lines
The human monocytic cell line U937 was cultured in RPMI 1640 medium containing 25 mM Hepes, 0.3 g\l -glutamine and 10 % fetal calf serum, at 37 mC with 5 % CO # . The cells were subcultured approximately every 72 h by dilution to 3i10& cells\ml, and were allowed to grow to $ 1i10' cells\ml. The myeloid cell line HL60 was cultured in the same medium but was diluted to 2i10& cells\ml for subculturing. For both cell types the viability was assessed by counting the cells in the presence of 0.25 % Trypan Blue. Cells were harvested by centrifugation at 600 g for 10 min and washed twice in RPMI 1640 without fetal calf serum.
Treatment of cells with oxidants
Cells (0.2 g) were resuspended with 1 ml of PBS (100 mM Na # HPO % , 25 mM NaH # PO % and 0.9 %, w\v, NaCl), and 0.6 ml aliquots were placed in 1.5 ml reaction tubes before centrifuging at 600 g and removing the supernatant. Treatments were started by the addition of 0.5 ml of oxidant solution in PBS, or PBS only (control). Experiments with HOCl were carried out in PBS at pH 6.0 and t-BHP was diluted in PBS, pH 7.4. For the initial oxidative treatments the oxidant solutions used were 3.5 mM HOCl or 1 M t-BHP with 1 mM FeSO % , and the cells were incubated for 30 min at 37 mC. For the dose-response experiments the t-BHP concentration was varied from 50 mM to 1 M with an incubation time of 30 min, and time courses were 0-4 h with 0.5 M t-BHP. All treatments were terminated by centrifuging at 10 000 g, and the cells were washed once in PBS to remove traces of the oxidants before extraction. Three experiments were carried out for each of the initial treatments, and two sets of data were obtained for the time-course and dose-response experiments ; the results for both sets were found to be very comparable.
Extraction of cell lipids
The cells were extracted by a modification of the procedure of Bligh and Dyer [23] . To each tube containing the pelleted cells, 0.5 ml of methanol at 50 mC was added, and the mixture was incubated in a sonicating water bath for 15 min. An equal volume of chloroform was then added, and the sonication was repeated. Finally 0.5 ml of 0.88 % KCl was added, and the mixture was vortexed well before centrifuging at 10 000 g to separate the aqueous and organic layers. The organic layer was transferred to a clean tube and dried under a stream of nitrogen. The lipid extracts were stored at k70 mC prior to analysis by ES-MS or LC-MS.
ES-MS and LC-MS
ES-MS was performed in positive-ion mode on a VG Platform mass spectrometer (Micromass, Altrincham, Cheshire, U.K.). For direct infusion of samples the solvent system was 71 : 5 : 7 (by vol.) methanol\hexane\0.1 M ammonium acetate, with a flow rate of 20 µl\min. The source temperature of the mass spectrometer was set to 75 mC, with a nebulizing gas flow of 20 l\h and a drying gas flow of 400 l\h. Data were collected between 400 and 1000 m\z with a sweep time of 5 s. The spectra were a combination of 10-12 consecutive scans, and after summing were mean-smoothed twice with a window of 0.3 Da.
LC-MS was carried out using an adaptation of the HPLC method of Kim et al. [24] , with a Shimadzu LC-10 system and a HPLC-MS of oxidized cellular phospholipids Phenomenex Luna C ) column (5 µm RP-Sct, 1 mm inner diameteri150 mm). This column was operated at a flow rate of 100 µl\min with an isocratic solvent system of 71 : 5 : 7 (by vol.) methanol\hexane\0.1 M ammonium acetate. It was important to use freshly prepared solvent to prevent changes in retention time that occurred over time due to differential evaporation of the solvent components.
Cell extracts were reconstituted in 1 : 5 chloroform\methanol (usually 100 µl total volume) and diluted 10-fold in running solvent ; 10 µl of sample was injected per run. The eluent from the column was split $ 1 : 1 between the mass spectrometer and waste. Peak-top spectra were collected usually between 650 and 950 m\z with a sweep time of 2 s. Extracted mass chromatograms showing individual molecular species were generated using MassLynx software (Micromass), and were mean-smoothed as described above. In all the spectra and chromatograms shown the percentage scale on the vertical axes corresponds to intensity related to that of the largest peak in the region analysed, unless otherwise stated.
Peak areas were estimated for the time-course and doseresponse experiments by cutting and weighing the relevant peaks in the printed chromatograms, and the units quoted are therefore mg. The expected isotopic mass ratios for phospholipids containing chlorine were calculated using Chemputer software (Sheffield, U.K.). Figure 1 shows the separation of a selection of phospholipids extracted from control-cultured U937 cells and their observation by LC-MS, including the total ion current (TIC) and reconstructed ion chromatograms (RICs) at specific mass-to-charge ratios (m\z). In most cases, the peaks in the RICs are expected to contain a single major component at the mass indicated, although a number of phospholipids could give the same mass ion. In positive-ion mode the strongest species observed are PCs or sphingomyelins, due to the positive charge on the choline headgroup ; PCs are a major component of most mammalian cell membranes. The phospholipids were identified by comparison with previously published spectra [11, 12, 20] , bearing in mind the limitations described therein for single-analysis MS [20] . These include the inability to differentiate double unsaturation in one chain from mono-unsaturation in both and, for example, two C "' chains from one C ") and one C "% . Suggested assignments of major species are based on the previously published distributions of fatty acids for mammalian PCs, but identification using the total number of carbons in the fatty acyl chains and double bonds will also be given (e.g. C $# : " ). Cultured U937 cells were found to contain a variety of phospholipids, with the major components containing fatty acids with chains of 14-18 carbons. Longer-chain highly unsaturated fatty acids, including arachidonic acid, were present only as minor components, probably reflecting the fact that the cells were undifferentiated [25] . The majority of the phospholipids were found to occur in the protonated, rather than sodiated, form using this methodology, and it can be seen that separation occurred according to the headgroup, fatty acyl chain length and degree of unsaturation. For a given chain length, lipids containing more unsaturated fatty acids eluted earlier from the column : for example, C $% : # PC (e.g. palmitoyl-linoleoyl PC) at 758 m\z eluted earlier (11.9 min) than C $% : " PC (e.g. palmitoyloleoyl PC) at 760 m\z (15.0 min). Increased chain length of the fatty acids resulted in longer retention times for the lipids, as can be seen by comparing the elutions of C $! : ! PC (e.g. myristoylpalmitoyl PC) with a mass of 706 at 10.0 min and C $# : ! PC (e.g. dipalmitoyl PC) with a mass of 734 at 13.75 min. Some extra peaks are visible in the chromatograms due to the isotopic spill-over of the double "$C-isotope peak of phospholipids at 2 m\z smaller, i.e. containing one more double bond. This is apparent in the extracted ion chromatogram at 734 m\z where a double isotope peak from C $# : " PC (732 m\z) appears at 10.91 min, and in the 788 m\z trace at 16.34 min corresponding to C $' : # PC (786 m\z). This emphasizes the value of LC-MS, as the contribution of different species with the same molecular mass can be distinguished, in contrast to analysis by direct-injection ES-MS. Components with molecular masses corresponding to phosphatidylethanolamines were also observed, and were found to elute earlier than the equivalent PCs (results not shown).
RESULTS

Cell phospholipid separation by LC-MS
Observation of oxidatively modified phospholipids in model systems
In order to characterize the elution profiles of oxidatively modified phospholipids, phospholipid vesicles were treated with oxidants to provide a simple model system. Figure 2 shows the results for vesicles treated with the radical oxidizing system t-BHP and Fe# + overnight in the presence of air. The TIC chromatogram shows a variety of oxidized phospholipids eluting in the first 3-10 min, and the native lipids eluting at 12 min onwards. The UV absorbance at 234 nm was also monitored, and although rather weak it supported the identification of these early components as conjugated dienes (results not shown). In the right-hand panel, the RICs at 842, 874 and 906 m\z show the appearance of products corresponding to the addition of onethree dioxygens to C $) : % PC (stearoylarachidonoyl PC, 810 m\z). The trishydroperoxide eluted earliest at 3.2 min, followed by bishydroperoxides at 4-5 min with the mono-hydroperoxides eluting last at 8.6 and 9.76 min ; this would be expected owing to their increasing hydrophobicity. For both the mono-and bishydroperoxides several components were partially resolved, which are thought to correspond to isomers resulting from oxidation at different sites in the arachidonoyl chain. In the lefthand panel, the signals at 790 m\z (4.9 min) and 818 m\z (6.7 min) are assigned to the monohydroperoxides of C $% : # (native mass 758) and C $' : # (native mass 786). Each of the components assigned as hydroperoxides showed two sourceinduced breakdown products with losses of 18 and 34 mass units, corresponding to dehydration or the loss of hydrogen peroxide ; this provided support for the assignment as hydroperoxide [14] . None of the signals assigned to phospholipid hydroperoxides were observed in control vesicles.
In addition to lipid peroxidation, the effect of HOCl on phospholipid vesicles was investigated. The formation of chlorohydrins can be detected by ES-MS as an increase in mass of 52, corresponding to the addition of HOCl across a double bond [26] . Figure 3(a) shows the TIC and RICs of phospholipid vesicles treated with 1.85 mM HOCl for 40 min, demonstrating the appearance of components with an increase in mass of 52 following incubation with HOCl, which elute significantly earlier in the chromatogram than the native lipids. In the RIC at 810 m\z, the large peak at 17.7 min corresponds to native stearoylarachidonoyl PC (C $) : % PC), while the much smaller signal eluting at 5.0 min was assigned as a monochlorohydrin of C $% : # PC (native mass 758). The strong signal at 5.9 min in the 812 m\z RIC was assigned as the monochlorohydrin of C $% : " PC, which accumulates to higher levels as it cannot undergo further reaction with HOCl. The RIC at 838 m\z shows the appearance of two monochlorohydrin isomers of C $' : # PC at 6.26 and 6.96 min, with a minor native phospholipid of the same mass at
Figure 1 LC-MS chromatograms of PCs from U937 cells
The cell lipids were extracted in chloroform/methanol and dried under nitrogen. The extract was reconstituted in LC solvent (71 : 5 : 7 methanol/hexane/0.1 M ammonium acetate) and LC was carried out using a Phenomenex Luna column with a flow rate of 0.1 ml/min. Peak-top data were collected between 650 and 950 m/z with a sweep time of 2 s. Total ion current (TIC) and reconstructed ion chromatograms (RICs) showing individual molecular species are shown ; RICs were generated using MassLynx software and are mean-smoothed. 100 % on the vertical axes corresponds to the ion current intensity indicated on the right-hand side of the chromatograms, below the lipid assignment. The vertical axes of the chromatograms are not linked, to allow observation of minor components.
14.9 min. The RIC at 862 m\z shows the formation of several monochlorohydrins of C $) : % PC eluting between 6.7 and 9.86 min, while the peak at 3.04 min was identified as a bischlorohydrin of C $% : # PC, based on the isotopic distribution pattern. Co-eluting with the modified lipids at 862 m\z were other components at 864 m\z, assigned as the $(Cl isotopes of the chlorohydrins. This can be seen more clearly in Figure 3 (b), which shows the summed spectrum corresponding to the part of the chromatogram where the modified lipids eluted. This provided additional support for the identification of these components as chlorohydrins. For example, the ratio of 862 : 864 closely matched the calculated mass distribution for the presence of chlorine in this molecule (100 : 49). Similarly, the monochlorohydrin at 812 m\z and bischlorohydrin at 914 m\z show $(Cl isotope peaks with the appropriate isotope distribution. Details of the oxidative modifications of phospholipids observed most commonly are summarized in Table 1 .
The detection limit for PCs using this method was found to be $ 200 fmol, which was comparable with the detection limit for
Figure 2 The detection of hydroperoxides in phospholipid vesicles
The TIC of phospholipid vesicles treated overnight with t-BHP and Fe 2 + and RICs at five different masses (m/z ) are shown. The LC-MS was carried out as described for Figure 1 , except that the peak-top data were collected between 700 and 1000 m/z. 100 % on the vertical axes corresponds to the ion current intensity indicated next to the y axis of the chromatograms ; the vertical axes are not linked. direct infusion of an individual lipid species. However, the use of LC-MS greatly facilitated the detection of oxidized species in complex lipid mixtures : with direct infusion minor species were swamped in the spectrum by components with stronger signals, and it was not possible to differentiate intact oxidized lipids from native lipids with the same molecular mass.
Observation of modified phospholipids from oxidatively stressed cells
The main aim of this work was to investigate whether intact phospholipid hydroperoxides and chlorohydrins could be observed in oxidatively stressed cells using electrospray detection, as this allows the simultaneous observation of a variety of different oxidized lipids, thus offering more information about the events occurring in oxidative stress. In preliminary work using direct injection it was found to be impossible to detect the formation of such species in these cultured cell lines (results not shown). There was no evidence for the formation of chlorohydrins or hydroperoxides, and few changes in the lipid profile were observed, indicating that there had been no significant modification of the lipids, despite the relative severity of the treatments imposed.
When U937 or HL60 cells subjected to comparable treatments with t-BHP plus Fe# + were extracted and analysed by LC-MS, the phospholipid profiles of both cell types were still found to be quite resistant to changes caused by this oxidizing system. This can be seen in Figure 4 , which shows the TIC and RIC at 818 m\z for extracts of control U937 cells and U937 cells treated with 1 M t-BHPj1 mM Fe# + . There are no obvious changes in the native lipid signals that can be observed in the TIC in the treated cell sample, and the peaks due to modified lipids in the early part of the chromatogram are extremely weak. However, the RIC of 818 m\z clearly shows the appearance of an oxidized PC at 6.5 min, assigned as the hydroperoxide of C $' : # PC (e.g. stearoyl-linoleoyl PC), in the treated sample but not in the control sample. The signals at $ 16.5 min correspond to the presence of a very minor native lipid species, possibly C $) : ! PC. A small signal at 790 m\z was also observed at $ 5 min in the treated sample, but not in the control sample ; this was assigned to a monohydroperoxide of C $% : # PC (e.g. palmitoyl-linoleoyl PC), which has a native mass of 758 (results not shown).
Figure 3 The detection of chlorohydrins in phospholipid vesicles
The HL60 cell line appeared to be slightly more susceptible to oxidative stress, as treatment with the same levels of oxidants gave clearer signals for peroxides from C $% : # PC and C $' : # PC ( Figure 5 ). The RIC at 790 m\z shows the appearance in the treated sample of a very clear signal eluting at 5.44 min, assigned as the monoperoxide of C $% : # PC, which was absent in the control sample. A number of other components with this mass are also apparent in the chromatogram : the largest peak at $ 19 min is probably due to C $' : ! PC, present at very low concentrations in these cells ; the other signals in the chromatogram between 7.85 and 13 min have not been assigned but are unlikely to be oxidized lipids as they are present in both samples. Similarly, there was evidence for the presence of a monoperoxide of C $' : # PC in the t-BHP-treated sample, eluting at 6.42 min in the 818 m\z RIC. No comparable peak was present in the control sample, but a component with a mass of 818 found to elute later was assigned as C $) : ! PC ; this is much smaller in the treated sample because the stronger signal at 6.42 m\z results in a higher scale on the y axis. No bisperoxides were observed from either cell line, which probably reflects the low levels of fatty acids with more than two double bonds.
The effect of stressing U937 cells with HOCl was also investigated, as this is an important microbicidal oxidant released by activated phagocytes, and thought to be involved in inflammatory damage, for example in atherosclerosis. A comparison of the RICs at 812 m\z of the HOCl-treated sample and the control sample ( Figure 6 ) shows clearly the formation of a modified lipid at 6.38 min in the HOCl-treated cells that is absent in control cells, which would correspond to the chlorohydrin of C $% : " PC (760j52 m\z). Analysis of the spectrum from this region showed that the modified lipid at 812 m\z was the major component and that the $(Cl isotope at 814 m\z was also present in the appropriate ratio. Signals at 784 and 786 m\z in the expected isotope ratio for a chlorohydrin were also observed, providing evidence of chlorohydrin formation from C $# : " PC (native mass 732). None of these signals were present in any significant quantities in the same region of the control sample.
Dose-response and time course of hydroperoxide formation in U937 cells
Having established by using high t-BHP concentrations that hydroperoxide formation from di-unsaturated phospholipids could be observed in oxidatively stressed cells, further treatments were carried out at lower concentrations of t-BHP and with varying incubation times, to provide more information on the response of the cells to oxidative stress and to determine the level of stress required to produce detectable peroxides. The left-hand 
Figure 4 LC-MS of U937 cells treated with t-BHP and Fe
+
The TICs and RICs at 818 m/z for extracts of control U937 cells and U937 cells treated with 1 M t-BHPj1 mM Fe 2 + for 30 min. Following treatment the cells were washed, extracted in chloroform/methanol, and the lipid extracts were dried under nitrogen. The extracts were reconstituted with 1 : 5 chloroform/methanol (100 µl total volume) before diluting further in LC solvent (71 : 5 : 7, methanol/hexane/0.1 M ammonium acetate). LC-MS was carried out as described for Figure 1 . 100 % on the vertical axes corresponds to the ion current intensity indicated next to the y axis of the chromatograms ; the vertical axes are not linked.
panel of Figure 7 gives the RICs at 790 m\z for cells treated with increasing t-BHP concentrations. It can be seen that the peak at 5.23 min, corresponding to C $% : # PC hydroperoxide, is absent in the control treatment (0 mM) but increases with increasing t-BHP concentration. The hydroperoxide can be observed readily following treatment of the U937 cells with 50 mM t-BHP for 30 min, the lowest concentration tested. The area of the peaks corresponding to C $% : # PC hydroperoxide and C $' : # PC hydro-
Figure 5 LC-MS of HL60 cells treated with t-BHP and Fe
+
The RICs at 790 and 818 m/z for extracts of control and t-BHP-treated HL60 cells. All experimental procedures are as described for Figure 4 . 100 % on the vertical axes corresponds to the ion current intensity indicated next to the y axis of the chromatograms ; the vertical axes are not linked.
peroxide (at 818 m\z) were determined and are shown in graphical format in Figure 7 . The central panel shows that increasing the oxidant concentration resulted in an approximately linear increase in the peak area for both hydroperoxides over the concentration range tested. The effect of treatment with 0.5 M t-BHP over a time course of 0-4 h was also investigated, and the calculated peak areas are shown in the right-hand panel of Figure 7 . It was found that the levels of the hydroperoxides increased steadily over time, with detectable levels already present at the earliest time point of 15 min. After 4 h the peaks corresponding to the hydroperoxides in the chromatograms were very large, with ion intensities of 7i10$ (790 m\z) and 6i10$ (818 m\z). After 3 h treatment a peak corresponding to the bis-
Figure 6 LC-MS of control and HOCl-treated U937 cells
The RICs at 812 m/z and the summed spectra corresponding to the region where the modified PCs eluted ($ 5-6.5 min) are shown. The cells were treated with either PBS (control) or 3.5 mM HOCl for 30 min, and were extracted and analysed as described for Figure 4 . The vertical axes are linked both for the RICs and the spectra. Da/e is equivalent to m/z, and the retention times are in min.
hydroperoxide of C $) : % PC at 874 m\z could also be detected, in addition to the monoperoxides observed. Thus, as expected, it can be seen that the levels of hydroperoxides present in the cells are dependent both on the severity and duration of the imposed oxidative insult.
DISCUSSION
This research has shown that specific intact oxidatively modified phospholipids can be detected in extracts of cells subjected to oxidative stress, by interfacing reversed-phase isocratic HPLC with a simple single quadrupole electrospray mass spectrometer using a suitable solvent system. This method allowed the detection of amounts of oxidatively modified lipid in the high femtomolar range, often corresponding to less than 0.5 % of the corresponding native lipid, which was not possible by direct injection of the sample into the mass spectrometer. The improvement in performance compared with direct-injection ES-MS was due to the separation of oxidized and native phospholipids, which minimizes the occurrence of ion suppression and facilitates the observation of oxidized components in complex mixtures of lipids, rather than to an intrinsic increase in detection sensitivity. In particular, the advantage can be seen in the ability to resolve native and oxidized species of the same molecular mass, such as stearoyl-arachidonoyl PC and the monochlorohydrin of palmitoyl-linoleoyl PC, which both occur at 810 m\z. Compared with other commonly used techniques, such as GC-MS, this method has two important advantages. First, intact phospholipids can be observed, rather than the hydrolysed fatty acids, and therefore valuable information about the membrane-lipid composition is retained. Secondly, no prior hydrolysis or other chemical derivatization is required, making the technique rapid and straightforward to perform, and suitable for routine analysis of biological samples.
While the simplicity of this method is a significant advantage, it has the disadvantage compared with tandem MS that the species observed cannot be identified definitively by their fragmentation patterns. For example, a simple increase in molecular mass cannot be taken as absolute proof of the nature of a modification to a lipid. However, the loss of water [14] and early elution of these species, observed only in treated samples, is good evidence for their oxidative modification. Regarding the formation of chlorohydrins, the coincident appearance of an additional peak at j2 mass units at the expected $&Cl\$(Cl isotope ratio provides strong support for their identification as a chlorohydrin. With respect to hydroperoxide formation, a mass increase of 32 in a lipid containing two double bonds can only reasonably be assigned as a peroxide ; a bisepoxide or bishydroxide would have the same mass, but would be expected to derive from a bishydroperoxide, which is unlikely to occur when a single bisallylic hydrogen is present. Other oxidation products such as aldehydes would not result in the molecular mass increases observed. Especially in phospholipid vesicles, where the appearance of a modified species can be linked to the disappearance of the native lipid, the increases in mass are unequivocal. Similarly, a mass increase of 52 is difficult to account for other than by the addition of HOCl across a double bond to yield a lipid chlorohydrin.
In this study it has been shown that several specific intact phospholipid hydroperoxides and chlorohydrins occur in cells subjected to oxidative stress, and can be detected by LC-MS. Following free-radical-induced stress, the strongest signals observed were from monoperoxides of C $% : # and C $' : # PC, consistent with the fact that these were the most abundant diunsaturated lipids present in the cells. The only bishydroperoxide observed was from C $) : % PC (stearoylarachidonoyl PC) after 3-4 h of treatment, but this is not surprising as the cultured cells contained relatively low levels of polyunsaturated fatty acyl chains within the PCs. As expected, the appearance of hydroperoxides was found to depend on both the severity and length of the oxidative treatment, increasing approximately linearly over the concentration range and time course tested. The monoperoxides could be detected clearly at the shortest time point (15 min), and at the lowest concentration of t-BHP (50 mM) investigated. However, the native phospholipid profiles of the cells appeared to be quite resistant even to high levels of this oxidant system over relatively short time courses, with no obvious depletion of the unsaturated lipids according to the TIC trace.
With HOCl, a much lower concentration was required to cause observable modification of the phospholipids, but at this concentration the native lipid profile was also not noticeably altered. The oxidative modifications observed in cells with this oxidant were only to mono-unsaturated PCs, specifically C $# : " and C $% : " PC, despite the fact that the cells contained a substantial proportion of di-unsaturated phospholipids and that chlorohydrins of such lipids were observed in the vesicle model system. However, it was also observed in the treatment of lipid vesicles that the monochlorohydrin of palmitoyloleoyl PC at 812 m\z was the most abundant product, with an ion current almost an order of magnitude higher than the chlorohydrins of more unsaturated lipids. This could be due to better stability of a monochlorohydrin compared with more modified lipids, or simply because in a monounsaturated lipid the monochlorohydrin accumulates as the end product.
In both cell types and with both types of oxidizing system, the susceptibility of the cellular phospholipids to oxidative damage was lower than expected compared with effects on other cell types and tissues reported previously [17] [18] [19] . This may be due in part to the relatively small amount of polyunsaturated PCs
Figure 7 Effect of t-BHP concentration and treatment length on hydroperoxide levels
The left-hand panel shows the RICs at 790 m/z of U937 cells treated with various concentrations of t-BHP and 1 mM Fe 2 + . The intensities of the chromatograms are linked vertically with 100 % corresponding to an ion intensity of 3.4i10 3 , and the dotted lines either side of the peak at 5.23 min show the region of the chromatogram used for cutting and weighing to estimate the peak area. The central panel (dose-response) shows the relationship between t-BHP concentration and peak area for both C 34 : 2 PC hydroperoxide (790 m/z ) and C 36 : 2 PC hydroperoxide (818 m/z ) peaks. The peak areas were estimated by cutting and weighing the peaks in the printed chromatograms, hence the y axis is given as peak mass in mg. The right-hand panel (time course) shows comparable data for the relationship between treatment time and hydroperoxide peak area. present in these cells, which were not differentiated ; it has been reported previously that differentiation of U937 cells with DMSO results in an increase in the level of arachidonate in PCs [25] . However, the cells appear to contain a high proportion of linoleic acid-containing PCs that can also be peroxidized readily in phospholipid vesicles, even if they are not as susceptible as arachidonic acid, so these would be expected to be depleted under the conditions used. The resistance of the cells may thus have more to do with preferential attack on other cellular components or selective antioxidant activity. It is perhaps pertinent that both the cell types used in these experiments are phagocytes, capable of generating oxidants for anti-microbial defence, and might therefore be expected to have enhanced antioxidant protection. It is also possible that oxidized fatty acids within phospholipids are selectively removed from the membrane to prevent physical disruption occurring, and that rapid turnover of membrane phospholipids prevents the accumulation of intact phospholipid oxidation products. In any case, membrane phospholipids seem to be highly protected against oxidative modification, especially by free-radical-generating systems. Thus the results described here give rise to interesting questions about the precise molecular events occurring at the plasma membrane during oxidative insult.
